here has been increasing interest in atrial fibrillation (AF) in the fields of cardiology and cardiac surgery, 1 partly because of its high prevalence and partly because of the high morbidity associated with the risk of cerebral infarction. Unlike regular beats, indices of left ventricular (LV) contractility in arrhythmic beats, whether they may be load-dependent (peak LV dP/dt, the maximum rate of rise of LV pressure) 2 or load-independent (Emax), 3 have been shown to be constantly changing dependently on the force -interval relationship, 4 as well as on the FrankStarling relationship. 5 The force -interval relationships include the relations between indices of each beat and RR2 (the directly preceding RR intervals), which are referred to as mechanical restitution, and those between indices and RR1 (the pre-preceding RR intervals), which are referred to as postextrasystolic potentiation (PESP). 6-9 Moreover, Emax was shown to be reasonably predicted by RR2/RR1, 10 which combines mechanical restitution and PESP. In contrast, an earlier study suggested that LV relaxation abnormality could not be detected in patients with AF by means of analysis of the force -interval relationships. 11 Unfortunately, no information is currently available on LV relaxation in patients with both AF and impaired LV systolic function.
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Afterload-dependence of LV relaxation has been intensively investigated, [12] [13] [14] [15] and accentuated afterload-dependence of the LV relaxation time constant ( ) has been attributed to one of the mechanisms underlying impaired LV relaxation observed in failing hearts. 16, 17 Moreover, this method of analysis of LV relaxation was successfully applied to a tachycardia-induced heart failure model in dogs. 18 Therefore, in the present study we analyzed on a beat-to-beat basis in patients with both AF and impaired LV systolic function by means of the force (relaxation) -interval relationships, as well as afterload-dependence. To the best of our knowledge, this is the first report to study LV relaxation abnormality in such patients in detail.
Methods

Patients
Our subjects consisted of 7 men and 5 women with chronic AF, aged from 39 to 68 years old (mean, 53.7±2.5 years old), who had undergone diagnostic cardiac catheterization. Four patients had mitral stenosis, 6 had idiopathic dilated cardiomyopathy, 1 had a prosthetic mitral valve for mitral regurgitation, and 1 had no underlying disease except for AF. These patients were subdivided into 2 groups: group A (7 patients with LV ejection fraction [EF] <0.5) and group B (5 patients with LVEF ≥0.5). We excluded patients with mitral regurgitation that was more than mild because they had no isovolumic relaxation period. None of the patients had a history of angina or myocardial infarction, and all showed normal coronary angiograms. The investigation conformed with the principles outlined in the Declaration of Helsinki.
Cardiac Catheterization and Cineangiography
Informed consent was obtained from all the patients. All medications were withheld for 12-16 h before the procedures. Catheterization was performed via the percutaneous femoral approach. After routine right heart catheterization, LV pressure was recorded with a high-fidelity cathetertipped micromanometer (PC370 or SPC-464D, Millar Inc, Houston, TX, USA). Baseline drift was checked by comparison with a Statham P23D transducer (Gould Inc, Cleveland, OH, USA) connected to the catheter's fluid-filled lumen. The zero level of the fluid-filled system was determined as 5 cm below the anterior axillary line. Recordings were obtained on a thermal array recorder at a paper speed of 50 mm/s (WS-180G, Nihon Kohden Co, Tokyo, Japan) and which included a bielectrical amplifier for continuous ECG monitoring (AC150H) and high-fidelity LV pressure recording (AP160H). Signals were also recorded on a FM magnetic tape recorder (Sony Magnescale Inc, Tokyo, Japan). Left ventriculography and coronary arteriography were performed after the LV pressure was recorded. LVEF was calculated from single-plane left ventriculograms recorded in the 30°right anterior oblique projection. LVEF values were calculated from at least 3 consecutive beats without ventricular arrhythmia and averaged.
Data Analysis
Pressure signals on the magnetic tapes were digitized at 5 ms intervals, and LV peak systolic and end-diastolic pressures, derivatives of LV pressure, and the time constants of LV isovolumic pressure decline (the relaxation time constants) were calculated with a personal computer system (Packet IIe, Anritsu Ltd, Tokyo, Japan). We calculated the relaxation time constant with Thompson's method ( bf ) from exponential analysis [P(t) = (P0 -P∞) exp (-t / bf ) + P∞]. 19, 20 Fitting was done from the time of the peak negative LV dP/dt to the time at which LV pressure had fallen to 5 mmHg above the succeeding end-diastolic pressure (EDP). Correlation coefficients of the exponential fittings of all the beats were more than 0.99 by this method in all the patients. Univariate analysis was then performed and correlation coefficients (r) of the maximum rate of LV pressure rise (peak LV dP/dt) or bf vs the preceding RR interval (RR2) or the ratio of RR2/RR1 (RR2 divided by RR1, the pre-preceding RR intervals) were obtained. For the analysis of afterload-dependence of bf , univariate analysis was also performed and correlation coefficients (r) of bf vs the maximum systolic LV pressure (peak LVP) were obtained. The slopes of the relationships between bf and peak LVP (∆ /∆peak LVP) were defined as R. The paired or unpaired Student's t test was used to evaluate differences between the means as appropriate. Values of p<0.05 were considered to indicate statistical significance. All statistical data are given as mean ± SE.
Multivariate Analysis
The key variables of interest, namely RR2/RR1, RR2, peak LVP and preceding LVEDP, were evaluated in terms of regression analysis of bf as the dependent variable, and the variables with p<0.21 in this univariate assessment were entered into a multivariate model in a step-by-step fashion. The multivariate model was developed with consideration of model overfitting procedures.
Results
In all the subjects the LV pressure signals were of a suitable quality for calculation of the other variables using a customized program (Fig 1) . The correlation coefficients of the peak LV dP/dt and the relaxation time constants vs the RR2 interval or RR2/RR1, the range of the RR2 intervals and the mean relaxation time constants are summarized in Table 1 . The relations of the peak LV dP/dt vs the RR2 interval or RR2/RR1 in representative cases from group A (EF <0.5) (Fig 2) ; and group B (EF ≥0.5) (Fig 3) were plotted. The relationships between bf and RR2/RR1 for the other individual cases were also plotted (Fig 4A,B) . Consistent with an earlier report, 11 there were fair correlations between the peak LV dP/dt and the RR2 interval, but better correlations were observed between the peak LV dP/dt and RR2/RR1 in patients from both group A (Fig 2) and group B (Fig 3) , suggesting that RR2/RR1 is a good predictor of LV contractility during AF regardless of the basal levels of LV systolic function. Because mechanical restitution is defined as the relation with RR2, better correlations between the peak LV dP/dt and RR2/RR1 suggest the relative importance of PESP, rather than mechanical restitution, to the augmented contractions during AF. As shown in Fig 4B, bf did not correlate well with either the RR2 interval or RR2/RR1 in the group B patients, which was consistent with the earlier study. 11 In contrast, there were better correlations between bf and RR2/RR1 in all the group A patients with decreased LVEF (Fig 4A) . One patient (case 7, group A) with mitral stenosis, whose LV systolic function was depressed (EF=0.40), probably because of myocardial involvement during rheumatic fever, showed a fair correlation between bf and RR2/RR1 (r=0.61, p<0.01), suggesting that this phenomenon may not be specific to patients with idiopathic dilated cardiomyopathy. By contrast, in another patient (case 12, group B), who was originally diagnosed as idiopathic dilated cardiomyopathy, but only showed a mild LV regional wall motion abnormality with normal LVEF (0.52), bf was independent of RR2/RR1 (r=0.36, NS). The mean values of bf showed only a small discrepancy between the 2 groups (Table 1) . In other words, LV relaxation abnormality during AF may not be detectable just by measuring the mean values of bf . However, the relationships between bf and RR2/RR1 were qualitatively different in the 2 groups, and could be discriminated from each other.
In order to further study a possible mechanism for this LVEF-associated difference in the relationships between bf and RR2/RR1, we next analyzed the afterload-dependence of bf by plotting it against the peak LVP, which is one of the indices of LV afterload (Fig 5) . The relation between bf and the peak LVP showed a good correlation (r=0.70±0.06) with a steep slope in the group A patients only. In contrast, bf was rather constant in the group B Fig 2) and 11 (Fig 3) are already shown. Least-square fitted linear functions are shown with solid lines when correlation coefficients (r) were no less than 0.5.
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patients, though the variability of the peak LVP was comparable in the 2 groups. R in the group B patients was significantly greater than R in the group A patients (1.22± 0.22 vs 0.43±0.11 ms/mmHg, p<0.01).
Multivariate analysis for bf was performed with RR2, RR2/RR1, peak LVP and preceding LVEDP as the key variables of interest (Table 2 ). All the variables, except RR1 in case 12 and EDP in cases 2 and 3, showed p<0.21 as a result of univariate assessment for determinants of bf . A multivariate model was determined as bf = RR2 + RR2/RR1 + peak LVP + EDP + . In all 7 cases, in whom the all-over significance for the multivariate models for bf was p<0.05, the t value for RR2/RR1 was the highest and statistically significant (Table 2 ).
Discussion
Despite their potential clinical importance, LV contractility and relaxation during AF have been thought to be extremely difficult to study because they are constantly changing on a beat-to-beat basis. Although changes in LV contractility during AF were recently shown to be dependent on the force -interval relationships [2] [3] [4] and FrankStarling relationship, 5 changes in LV relaxation have been regarded as undetectable. In the present study, we successfully demonstrated that beat-to-beat changes in the LV relaxation time constant obtained by Thompson's method ( bf ) were detectable in patients with both AF and impaired LV systolic function. We also showed that these changes were dependent on the force (relaxation) -interval relationships, and that analysis of afterload-dependence of provided a reasonable explanation for the difference in these relationships based on LVEF.
Force -Interval Relationship During Atrial Fibrillation
Beat-to-beat variations in ventricular performance during AF have been recognized for many years. 21 Gaasch et al 4 showed that PESP during AF could be independent of preload by using patients with chronic constrictive pericarditis. Mechanical restitution and PESP were extensively studied by Yue et al 6 and postextrasystolic contractile strength was shown to be described by monoexponential functions with a single time constant, suggesting that intrinsic Ca 2+ homeostasis is involved in this process. Recently, an empirical measure, RR2/RR1, was shown to correlate well with the load-independent index of LV contractility (Emax) of post-extrasystolic beats. 10 Consistent with earlier studies, RR2/RR1 correlated well with the index of LV contractility of post-extrasystolic beats in the present study, though the measured index (peak LV dP/dt) was relatively load-dependent (Table 1) . Although involvement of preload, acting through the Frank -Starling mechanism, 5 is not completely excluded as a mechanism of the beat-to-beat variations in LV systolic function during AF, recent studies with isometric models have further confirmed the importance of the interval -force relationship. 2, 9 
Relaxation-Interval Relationship During Atrial Fibrillation
Cooper reviewed the effects of PESP on the diastolic properties of the left ventricle as 'conflicting and virtually every result on the spectrum has been reported'. 21 Of those reports, Blaustein et al, 22 who used anesthetized normal dogs, found that the relaxation time constants were fairly stable with a wide range of RR2/RR1. On the other hand, Carroll et al showed that in patients with significant coronary artery disease the relaxation time constants of postextrasystolic beats were increased in most cases. 23 Nakamura et al 11 studied patients with AF and normal LVEF, and obtained similar results to Blaustein et al. In contrast, good correlations between bf and RR2/RR1 were observed in all the patients with impaired LV systolic function in the present study (Table 1) . 
Afterload-Dependence of bf
The afterload-dependence of bf has been described as a J-shaped curve of the relation between bf and the elevation of systolic LVP. 13 Both the horizontal and vertical positions of the J-shaped curve are dependent on the magnitude of the peak isovolumetric LV pressure and could be manipulated by inotropic interventions. 13, 17 Moreover, Eichhorn et al demonstrated that relaxation became highly afterloaddependent with systolic dysfunction. 16 They demonstrated that R (the slope of the -to-end-systolic pressure relation) was flat when contractility was normal. The slope became steeper and increasingly dependent on the loading conditions when contractility was impaired. In the present study, the relation between bf and the LV peak systolic pressure was just like the J-shaped curve in the patients with impaired LV systolic function (group A), whereas the relation was flat in the patients with normal LV systolic function (group B) (Fig 5) . The flat shape of the relation in group B might be explained by higher peak isovolumetric LV pressures than those in group A. This result was rather unexpected because LV contractility during AF is constantly changing and the J-shaped curve was originally described in the presence of unaltered intrinsic load dependence. Moreover, R showed a significant difference between the 2 groups, suggesting that the present result was consistent with the earlier study. 16 Collectively, the discrepancy in the relaxation -interval relationships between the 2 groups might be explained by the afterload-dependence of bf . Finally, multivariate analysis on the factors contributing to bf showed a relatively greater importance of RR2/RR1 than the peak LVP (an index of afterload). Thus, the beatto-beat changes in LV contractility during AF might be of a greater importance to those in LV relaxation, than those in afterload.
Study Limitations and Clinical Implications
LV wall motion asynchrony during the post-extrasystolic beats may be responsible for the prolongation of the LV relaxation time constants. 24 However, in most cases LV wall motion did not show any asynergy, even during postextrasystolic beats, probably because all the analyzed arrhythmic beats were supraventricular. Second, inclusion of cases with mitral stenosis could have modified the results because these patients might not utilize long preceding RR intervals (RR2) for an increase in preload because of limited LV diastolic filling. However, this is unlikely because EDP also correlated well (p<0.01) with RR2 in all the patients with mitral stenosis (data not shown). Third, in the present study, the relaxation time constant was calculated only with Thompson's method because of excellent correlation coefficients of the exponential fittings. Other methods, such as Weiss' 25 or Raff & Glantz's, 26 have their own disadvantages. Finally, the index of afterload employed in the present study was not LV wall stress, but the peak LVP. LV wall stress might be a better index for hearts with different sized LV. However, the peak LVP has been widely used for the analysis of afterload-dependence of bf , probably because representative LV wall stress for LV relaxation can barely be determined.
The present study has several clinical implications. First, because LV diastolic filling is in part dependent on the LV isovolumic relaxation, 27 LV diastolic filling rates following the potentiated beats may be reduced in patients with depressed LV systolic function. 28 Second, a beat-to-beat analysis of LV isovolumic relaxation, which can also be determined non-invasively as changes in isovolumic relaxation time (IRT), 29 might give new information concerning the degree and even prognosis of LV myocardial dysfunction. However, further studies, especially longitudinal ones, are needed to clarify the clinical usefulness of this relationship.
